CAVEOLAE are plasma membrane microdomains that were first described about 60 yr ago as 50-to 100-nm invaginations (42, 74) and later found to be enriched in cholesterol and sphingolipids (1, 61) . Caveolae have been detected in most cell types, including endothelial cells, smooth muscle cells, and various types of epithelial cells (32, 53) . The functional relevance of caveolae has been proposed to be related to transcytosis in endothelial cells (50, 60, 69) and to nonclathrin-mediated endocytosis, e.g., for alkaline phosphatase, cholera and tetanus toxins, and the folate receptor (2, 37, 43) . The first identified marker of caveolae was a component of their filamentous cytoplasmic coat, a 21-to 24-kDa protein called caveolin (Cav)1 (53) , which was cloned from Madin-Darby canine kidney (MDCK) cells and initially named VIP-21 (26) . Cav1 is a ubiquitous transmembrane cholesterol-binding protein (30, 39) and is highly expressed in endothelial and smooth muscle cells, adipocytes, pneumocytes, fibroblasts, and epithelial cells (52, 73) , where it is also expressed in the trans-Golgi network (TGN) (12) . Whereas the main subcellular localization of Cav1 is plasma membrane associated (73) , it has also been detected on transport vesicles originating from the TGN (12, 26, 53) , early (31) and recycling endosomes (17) , and in the endoplasmic reticulum (73) . In fibroblasts and muscle cells, cholesterol disruption induced Cav1 relocalization to early and late endosomes (8) . The Cav family contains two other members beside Cav1, named Cav2 and Cav3, which also localized specifically to caveolae (59, 68) . Cav2, whose sequence exhibits 38% identity and 58% similarity with Cav1 (57) (58) (59) , has a similar expression pattern to that of Cav1, whereas Cav3 is expressed specifically in muscle cells, such as cardiac, skeletal, and smooth muscle cells (66, 68, 73) .
The idea that caveolae can transport molecules into the cell is three decades old (62) . We now know that, since Cav1 is a component of both plasma membrane caveolae and transport vesicles derived from the TGN, it plays an important role in molecular trafficking processes (73) . Cav1 seems to mediate caveolae formation: its production or transfection, whether stable or transient, has been found to induce the appearance of caveolae (13, 15, 71) , and a reduction in its expression causes a downregulation of caveolae (18) . Results from the Anderson laboratory (64, 65) indicated that a functional role for Cavs and caveolae may be in cholesterol transport and in the regulation of intracellular levels of cholesterol. This relationship is mutual: in MDCK cells, cholesterol regulates Cavs and caveolae, and they, in turn, may be important in cholesterol homeostasis (21) . They have also been implicated in triglyceride homeostasis (36, 51) , tumorigenesis/tumor supression (13, 18, 28) , apoptosis (33) and cell cycle regulation (19, 24) as well as in signal transduction, as Cav1 has been reported to interact with and affect proteins that are crucial for various signaling pathways, such as heterotrimeric G proteins, protein kinases, integrins, and a number of receptors (EGF, insulin, platelet-derived growth factor, p75 nerve growth factor, and transforming growth factor-␤) (11, 29, 52, 63) . Caveolae and Cav1, thus, constitute a major endocytotic mecha-nism, the main alternative to clathrin-mediated endocytosis (20, 37, 70, 76) .
In the kidney, Cav1 is expressed on the basolateral but not apical membrane of renal collecting duct (CD) principal cells (PCs), distal tubule, and connecting tubule cells (5) , where it colocalizes with Cav2. As previously reported, there is a relationship between Cav1 and Cav2, given that the latter was found to undergo degradation in the absence of Cav1 (52). Cav1 was not detected in intercalated cells of the renal CD or in proximal tubules, where caveolae do not occur either (5, 76) . Several proposed functions of Cav1 and caveolae in the proximal tubule may need to be reassessed, because they are based almost exclusively on data from proximal tubule cells in culture, which, in contrast to normal PT cells in situ, do show Cav1 expression (76) . Cav3 is not expressed at detectable levels in renal epithelia (5) . Bipolar expression of Cav1, but not Cav2, has been previously reported in MDCK cells but not in renal epithelial cells in vivo (12, 38, 57, 72) . On the other hand, in the same cultured cell model, Cav2 localization is predominantly basolateral, and, moreover, Cav1 and Cav2 have been found in the same basolateral vesicles (57) . In fibroblastic 3T3-L1 cells, endogenous and transfected Cav2 localization is restricted to loci where endogenous Cav1 is detected (58, 59) . Mechanistically, it has been proposed that Cav2 recruitment to the membrane domain requires Cav1 (38) . The apical expression of Cav1 in the absence of apical caveolae has also been described exclusively in cultured cells (70, 71) . It has been previously recognized that the properties of caveolae-associated and noncaveolar Cav1 differ significantly, given that a number of studies have reported noncaveolar Cav1 trafficking and distinct roles (23, 35, 56) .
Our present study shows that Cav1 assumes the expected localization to the basolateral membrane domain in renal CD PCs from Brattleboro (BB), Sprague-Dawley (SD), and LongEvans (LE) rats under control conditions. However, after vasopressin treatment of all three strains, Cav1 undergoes a localization shift, being expressed predominantly in the apical membrane domain of CD PCs, but in the absence of caveolae. The increase in apical Cav1 expression is time dependent over the range of 1-14 days. Moreover, Cav2 localization also shifts toward the apical pole of the same cells upon exposure to vasopressin.
MATERIALS AND METHODS

Antibodies.
For immunocytochemical experiments, mouse monoclonal and rabbit polyclonal Cav1 antibodies and a monoclonal Cav2 antibody were purchased from BD Biosciences (San Jose, CA). The goat aquaporin-2 (AQP2) antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). An affinity-purified chicken antibody against the V-ATPase 31-kDa E1 subunit isoform was raised against a peptide corresponding to the COOH-terminal region of this subunit (6) . The secondary antibodies used were affinity-purified Days of DDAVP treatment Urine osmolarity, mOsm Fig. 2 . Time-dependent urine osmolality increase after vasopressin (DDAVP) treatment of BB rats (1.2 g/day via osmotic pumps). Urine osmolality was significantly increased at 24 h postimplantation of the pumps, peaked after 7 days, and was maintained at these elevated levels for the 3-wk duration of the treatment. Values are shown as means Ϯ SE.
Cy3-conjugated donkey anti-chicken IgY, anti-goat IgG, and antimouse IgG, and FITC-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA).
For immunoblot analysis, Cav1 expression was assessed using the rabbit antibody described above, whereas a purified mouse anti-actin monoclonal antibody (EMD Millipore, Billerica, MA) was used for loading controls. The secondary antibodies used were affinity-purified horseradish peroxidase (HRP)-conjugated donkey anti-rabbit (Santa Cruz Biotechnology) and goat anti-mouse ( (4, 44) . The effect of DDAVP treatment was assessed by measuring urine osmolality with a Vapro 5520 vapor pressure osmometer (Wescor, Logan, UT).
For immunofluorescence experiments, animals were anesthetized with pentobarbital sodium (50 mg/kg body wt ip) and perfused through the left ventricle for 2 min with PBS (0.9% NaCl in 10 mM phosphate buffer, pH 7.4) and subsequently with modified paraformaldehyde-lysine-periodate fixative (PLP; 4% paraformaldehyde, 75 mM lysine-HCl, 10 mM sodium periodate, and 0.15 M sucrose in 37.5 mM sodium phosphate) for 5 min, as previously described (45) . Kidneys were harvested, sliced, and fixed by immersion in PLP for an additional 4 h at room temperature and then overnight at 4°C. The osmotic pumps were removed and inspected to confirm the drug delivery.
Immunofluorescence. PLP-fixed kidney slices (1-2 mm thick) were cryoprotected in PBS with 0.9 M sucrose overnight at 4°C, embedded in Tissue-Tek OCT compound 4583 (Sakura Finetek USA, Torrance, CA), and frozen at Ϫ20°C. Sections (4 m) were cut on a CM3050S cryostat (Leica Microsystems, Bannockburn, IL), collected onto Superfrost Plus microscope slides (Fisher Scientific, Pittsburgh, PA), air dried, and stored at 4°C (46, 49) .
Cryostat sections of PLP-fixed kidney were rehydrated, treated with 1% SDS for 4 min for the retrieval of antigenic sites (7), washed 3 ϫ 5 min in PBS, incubated for 10 min in 1% BSA and for 90 min with the primary antibody diluted in Dako antibody diluent (Dako, Carpinteria, CA) at room temperature, rinsed in PBS, and then incubated with the secondary antibody for 1 h, also at room temperature (45) (46) (47) . Primary antibodies were used at the following concentrations: 6.25 g/ml (mouse and rabbit Cav1), 12.5 g/ml (mouse Cav2), and 0.4 g/ml (goat AQP2). Cy3-conjugated secondary antibodies were used at 2 g/ml and the FITC-conjugated secondary antibody at 25 g/ml. Primary antibodies raised in different species were used for dual immunostaining.
Digital images were acquired using a Nikon 80i epifluorescence microscope (Nikon Instruments, Melville, NY) with an Orca 100 charge-coupled device camera (Hamamatsu, Bridgewater, NJ). Epifluorescence images were analyzed with IPLab (version 3.9.5 r2) image-processing software (BD Biosciences) imported into and then printed from Adobe Photoshop (version 9.0.2) image-editing software (Adobe Systems, San Jose, CA) (45, 47) . To better represent the raw high-magnification images visualized under the microscope, the levels command and the high-pass filter in Adobe Photoshop were used to adjust entire images that are presented here.
Quantification of fluorescence intensity. Quantification of mean pixel intensity (MPI) of apical and basolateral Cav1 immunostaining in control and 14-day DDAVP-treated BB rats was performed as previously described (48, 49) on raw images. Sections from three control rats and three DDAVP-treated rats were immunostained concurrently under identical conditions. All digital images were acquired using identical exposure parameters, including exposure time (150 ms). Regions corresponding to the Cav1-associated fluorescence in the apical and basolateral poles of the cells were selected using the segmentation function in IPLab software. The MPI of every such region was measured blindly, and all MPIs were corrected for a background value determined for each image taken by measuring the pixel intensity in several locations of the 5-10 darkest cells and selecting the lowest value. Data were analyzed using Microsoft Excel (version 10, Microsoft, Redmond, WA). The calculation was performed on an average of 100 inner medullary CD (IMCD) PCs per control BB rat and IMCD PCs per DDAVP-treated BB rat from at least 21 different tubules (31 tubules on average) for each animal. A similar quantification was performed in the inner stripe of the outer medulla (ISOM), including an average of 66 PCs per control BB rat and 100 PCs per DDAVP-treated BB rat from at least 16 different tubules (23 tubules on average) for each animal. Summary data were expressed for each group as means Ϯ SE. Statistical significance was tested with an unpaired Student's t-test, and results with P values of Ͻ0.05 were considered significant.
Immunogold electron microscopy. Small pieces of PLP-fixed kidneys were dehydrated through a graded ethanol series, infiltrated, and embedded and polymerized in LR White resin (Electron Microscopy Sciences, Hatfield, PA) at 50°C as previously described (48, 54) .
Thin (90 nm) kidney sections were cut using a Leica EM UC7 ultramicrotome (Leica Microsystems) and incubated on drops of primary rabbit anti-Cav1 (at a final concentration of 2.5 g/ml) and goat anti-AQP2 (at 2 g/ml) antibodies as described above diluted together in Dako diluent for 1 h at room temperature. Grids were then rinsed in PBS and incubated on drops of a mixture of anti-rabbit IgG antibody coupled to 15-nm gold particles and anti-goat IgG antibody coupled to 10-nm gold particles (Ted Pella, Redding, CA) diluted 1:20 in Dako diluent for 1 h at room temperature. Grids were then rinsed several times with distilled water, poststained with 2% uranyl acetate for 10 min, rinsed again, and dried. Sections were examined in a JEM-1011 transmission electron microscope (JEOL, Tokyo, Japan) at 80 kV. Images were acquired using an AMT XR60 digital imaging system (Advanced Microscopy Techniques, Danvers, MA) and subsequently imported into Adobe Photoshop.
To investigate renal cell morphology by electron microscopy, tissues were fixed as previously reported (34) in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4, Electron Microscopy Sciences) overnight at 4°C. After being rinsed in buffer, tissues were postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h at room temperature, rinsed again, and then dehydrated through a graded series of ethanol solutions to 100%. Subsequently, tissues were infiltrated with Epon resin (Ted Pella) in a 1:1 Epon-ethanol solution. They were placed in fresh Epon the following day for several hours and then embedded in Epon overnight at 60°C. Thin sections were cut as described above, collected on formvar-coated grids, poststained with uranyl acetate and lead citrate, and examined as described above.
Protein extraction and immunoblot analysis. Control and DDAVPtreated BB rat kidneys were cut into small pieces and disrupted with a Kontes tissue grinder (Fisher Scientific) in 3 ml of homogenization buffer [10 mM Tris·HCl (pH 7.4), 160 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 0.05% Igepal CA-630, and Complete protease inhibitors from Roche Diagnostics (Indianapolis, IN)] (49). Homogenates were centrifuged for 15 min at 15,000 g at 4°C. The supernatant was collected, aliquoted, and stored at Ϫ80°C. Protein concentration was determined using the bicinchoninic acid protein assay (Pierce Biotechnology, Rockford, IL) with albumin as the standard. Kidney extract (175 g) was diluted in Laemmli reducing sample buffer, boiled for 5 min, and loaded onto Tris-glycine polyacrylamide 4 -20% gradient gels (Bio-Rad Laboratories, Hercules, CA). After SDS-PAGE separation, proteins were transferred onto an Immun-Blot polyvinylidene difluoride membrane (Bio-Rad Laboratories), and the membrane was blocked and incubated overnight at 4°C with the primary anti-Cav1 antibody diluted to a final concentra- tion of 0.025 g/ml in Tris-buffered saline containing 2.5% milk. The membrane was subsequently washed and incubated with an HRPconjugated secondary antibody at 0.16 g/ml for 1 h at room temperature as previously described (45, 46, 49) . The loading control was performed with an anti-actin antibody at 0.04 g/ml and an HRPconjugated secondary antibody at 0.08 g/ml. For quantitative analysis of protein bands detected with the Western Lightning chemiluminescence reagent (Perkin-Elmer Life Sciences, Boston, MA), digital images of the membranes were acquired with the EpiChemi 3 imaging system (UVP, Upland, CA) and analyzed with LabWorks 4.6 software (UVP) (49) . Total RNA extraction, reverse transcription, and quantitative PCR. Kidneys from control and DDAVP-treated BB rats were dissected and disrupted in RLT lysis buffer (Qiagen, Valencia, CA) with 10 l/ml ␤-mercaptoethanol. Total RNA was extracted using the RNeasy Midi kit (Qiagen) as previously reported (9, 49) . Genomic DNA contamination was removed using the RNase-free DNase set from Qiagen. The isolated RNA was reverse transcribed, and quantitative real-time PCR was performed for 40 cycles with 2 l of reverse transcription product as the template using SYBR green PCR Master Mix and the 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA) (9, 49) . The oligonucleotide primers designed to amplify short sequences of rat Cav1 and Gapd (encoding for GAPDH) were as follows: 5=-AGTTGATCTCTGCGCTTGGT-3= (Cav1 forward primer), 5=-CCC-GTTTGTCTGCTTTGAAT-3= (Cav1 reverse primer), 5=-AGAGAG-AGGCCCTCAGTTGCT-3= (Gapd forward primer), and 5=-TGGAAT-TGTGAGGGAGATGCT-3= (Gapd reverse primer) (Invitrogen, Carlsbad, CA). Each reaction was performed in triplicate.
RESULTS
Caveolin localization in BB rat kidney CDs. In the SD rat kidney, we showed that Cav1 is expressed at the basolateral but not apical membrane of CD PCs, distal convoluted tubule, and connecting segment cells. Cav1 was not detected in intercalated cells of the renal CD or in proximal tubules (5, 76 revealed a similar localization pattern in BB rats ( Fig. 1 ) and LE rats (data not shown). This subcellular localization pattern was found throughout the CD, regardless of which kidney region was examined. Thick ascending limbs (Fig. 1B) did not exhibit detectable amounts of Cav1 expression.
Effects of vasopressin treatment on AQP2 localization in BB rats.
Experiments on AQP2 localization and urine concentration were performed to confirm that the BB rats used in our experiments indeed responded appropriately to DDAVP treatment (27, 55) . As expected, DDAVP induced a sustained, time-dependent increase in urine osmolality in BB rats (Fig. 2) . This increase was already statistically significant 24 h after pump implantation, reached a maximum level after 7 days, and was maintained significantly above baseline values throughout the 3-wk experiment. Under control conditions, AQP2 localization in PCs is predominantly diffuse in both the inner medulla (IM; Fig. 3A) and ISOM (Fig. 3D) . After DDAVP treatment, AQP2 localization became polarized to the apical membrane of PCs, as seen in IMCDs after 3 days (Fig. 3B ) or 2 wk (Fig. 3C) , as well as in the ISOM (Fig. 3 , E and F), as previously described (55) .
Effects of vasopressin treatment on Cav1 localization. We then examined subcellular Cav1 localization and unexpectedly found that DDAVP treatment profoundly affects Cav1 localization in PCs from BB rats. In untreated animals, Cav1 localization was exclusively associated with the basolateral plasma membrane of PCs, as previously described for SD rats (5, 76) . However, acute (1 day) exposure to DDAVP induced the appearance of small, scattered spots of Cav1 staining associated with the apical membrane in a number of PCs in CDs from both the IM (Fig. 4 , A and A=) and ISOM (Fig. 4, C and C=) .
As the treatment duration increased, the apical staining gradually became more extensive. After 3 days of treatment, PCs with significant apical Cav1 staining were readily found in both IMCDs (Fig. 4B , see also inset, B=, and BЉ) and CDs from the ISOM (ISCDs; Fig. 4, D, D=, and DЉ) . In certain PCs, Cav1 staining appeared at this time point to occupy a majority of the apical membrane domain (as indicated by arrows in Fig. 4 
, B and D).
This effect was increased even further after chronic (2 wk) DDAVP treatment. Cav1 now assumed a largely apical localization in CD PCs from IM of BB rats (Fig. 5, A and D) . Many PCs exhibited Cav1 staining that occupied their entire apical pole. Interestingly, this result was not strain specific, as a similar shift in subcellular Cav1 localization also occurred in LE rats (Fig. 5, B and E) and SD rats (Fig. 5, C and F) . A similar localization shift was seen in the outer medulla (Fig. 6) . ISCD PCs exhibited a strong apical Cav1-associated immunostaining in all three rat strains examined: BB rats (Fig. 6, A and  D) , LE rats (Fig. 6, B and E) , and SD rats (Fig. 6, C and F) . The effect is characteristic for CD PCs, as we detected no significant apical Cav1 staining in distal convoluted tubules of 2-wk DDAVP-treated BB, SD, or LE rats (data not shown), as previously reported for untreated SD rats (5) . Similarly, we detected no apical Cav1 expression in thick ascending limbs (Fig. 6) .
The MPI of apical and basolateral Cav1 immunofluorescence labeling was quantified in PCs from control and 2-wk DDAVP-treated BB rats as described in MATERIALS AND METH-ODS. The apical-to-basolateral MPI ratio averaged 0.20 Ϯ 0.01 (mean Ϯ SE, n ϭ 3) in ISCD PCs from control rats and increased to 4.43 Ϯ 0.24 (mean Ϯ SE, n ϭ 3) after DDAVP treatment. The difference between the two animal groups was highly significant (P ϭ 0.0006). Similarly, in IMCD PCs, the apical-to-basolateral MPI ratio increased from 0.26 Ϯ 0.01 (mean Ϯ SE, n ϭ 3) to 4.50 Ϯ 0.45 (mean Ϯ SE, n ϭ 3) after DDAVP treatment (P ϭ 0.0007; Fig. 7 ).
These immunofluorescence results were confirmed by immunogold electron microscopy. After 1-wk DDAVP treatment of BB rats, both AQP2 and Cav1 were detected at high levels in the apical membrane domain of PCs, in a partially overlapping localization pattern (Fig. 8A) . The basolateral membrane domain is, however, not devoid of Cav1 (Fig. 8B) , as also seen by immunofluorescence (Figs. 5 and 6 ). The localization of Cav1 to the apical membrane is characteristic of DDAVPtreated tissues, as apical expression of Cav1 was not detectable in electron micrographs from control BB rat kidneys (Fig. 8C) . Interestingly, despite the extensive expression of apical Cav1, caveolae were not found by electron microscopy on the apical plasma membrane. They were detected only on the basolateral membrane, i.e., Cav1 localizes to the apical membrane despite the absence of caveolae (Fig. 9) , and this high level of Cav1 expression does not induce the formation of caveolae in the apical membrane domain.
Effects of vasopressin treatment on Cav2 localization. Under baseline conditions, Cav2 subcellular localization in CD PCs of BB rats is reminiscent of that of Cav1, as previously reported for cultured cells of renal origin (12, 38, 57, 72). As described above for Cav1, Cav2 also localized primarily to the basolateral membrane domain in untreated BB rats (Fig. 10 , A and C) and responded to DDAVP exposure by appearing at the apical surface of medullary CD PCs. After 24 h of DDAVP treatment, small, scattered spots of Cav2 staining were visible in the apical membrane domain of some PCs (arrows) from both the IM (Fig. 10B) and OMCD (Fig. 10D) . The trend seen in the Cav1 subcellular localization shift was also exhibited by Cav2, so that after 2 wk of exposure to DDAVP, the Cav2 localization in most medullary CD PCs became mainly apical. This effect was seen not only in BB rats (not shown) but also in 2-wk DDAVP-treated SD rats (Fig. 11, A and C) and LE rats (Fig. 11, B and D) in CD PCs of both the IM and ISOM. Fig. 7 . The ratio between apical and basolateral mean pixel intensity (MPI) of Cav1-associated immunofluorescence in BB rat CD PCs is shown here as mean Ϯ SE (n ϭ 3 animals in each group). The low apical-to-basolateral MPI ratio in control BB rats (Cont) reflects the predominantly basolateral Cav1 localization in PCs from both IS and IM CDs. In both regions, DDAVP treatment induced a shift in Cav1 localization, which was reflected by the significantly higher apical-to-basolateral MPI ratio.
Effects of vasopressin treatment on Cav1 protein and mRNA levels in BB rats. To address the question of whether the Cav that appears in the apical membrane domain of CD PCs after DDAVP treatment might be newly synthesized by these cells or represents previously existing protein being translocated from the basolateral membrane domain, we investigated Cav1 protein and message levels after DDAVP treatment. Immunoblot analysis of Cav1 protein levels in control and DDAVPtreated (for 3 days or 2 wk) BB rat kidneys was performed. The results did not reveal an increase in Cav1 protein in response to DDAVP. Instead, Cav1 levels in 2-wk DDAVP-treated BB rats were actually lower than in control or 3-day treated animals (Fig. 12A) . Quantification of chemiluminescence intensities of Cav1 and actin (control) protein bands from untreated and DDAVP-treated BB rats revealed that the decreasing trend in Cav1 protein levels after 3 days of DDAVP treatment was not statistically significant (Fig. 12B) . Significance was achieved only after 14 days of treatment (P ϭ 0.007 compared with control animals). Cav1 mRNA levels in the kidney of control and DDAVPtreated BB rats were assessed using quantitative real-time PCR analysis. Cav1 mRNA values were normalized to the respective GAPDH mRNA levels. No statistically significant differences were observed between the different groups (Fig. 12C) .
DISCUSSION
Under baseline conditions, Cav1 is detected by immunofluorescence in the basolateral but not apical plasma membrane domain of kidney CD PCs in BB, LE, and SD rats. After vasopressin treatment, however, Cav1 expression was detected in the apical membrane domain of these cells, and the immunostaining intensity increased in a time-dependent manner. After the first day of treatment, apical Cav1 immunostaining was visible as small, scattered spots. The extent of the apical Cav1 staining increased gradually until, after 2 wk of DDAVP treatment, Cav1 localization became predominantly apical in all three rat strains investigated. Basolateral Cav1 staining remained readily detectable in all PCs for the duration of the treatment. The subcellular localization of Cav2 underwent a similar time-dependent change in response to DDAVP exposure, appearing at the apical border of CD PCs after 1 day of DDAVP treatment of rats from all three strains and localizing mostly apically by 14 days. Bipolar Cav1 membrane localization and its overlap with apical AQP2 were confirmed by immunogold electron microscopy. Unexpectedly, morphologically detectable caveolae were absent from the apical membrane of principal cells, despite the presence of abundant apical Cav1 staining after DDAVP treatment.
Quantitative immunoblot results did not reveal an increase in Cav1 protein in response to DDAVP exposure. Because these experiments were performed on whole kidney homogenates, it is conceivable that a CD PC-specific response may be masked to some extent by contributions from other tubules (such as connecting segments or distal convoluted tubules) or endothe- lial cells-and a similar argument could be made for the mRNA data. However, even with this limitation, a change in Cav1 protein levels that would quantitatively match our immunofluorescence and immunoelectron microscopy results seems unlikely to be missed by quantitative immunoblot analysis. This issue can only be decisively solved by analyzing isolated CDs or, even better, pure populations of isolated PCs. With this caveat, our data indicate that the apical Cav1 is probably not derived from increased de novo synthesis during the hormonal treatment. In fact, Cav1 protein levels exhibited an opposite, decreasing trend after 3 days of DDAVP treatment, which became statistically significant after 14 days. Consequently, these results suggest that DDAVP causes Cav1 relocalization and/or alters the targeting of newly synthesized Cav1.
Our data suggest that Cav1 may play a role in the vasopressin signaling pathway and potentially in AQP2 trafficking. This Fig . 12 . Quantitative analysis of Cav1 protein and mRNA levels in the kidney of control and DDAVP-treated BB rats. A: total kidney homogenates from control and DDAVP-treated BB rats (duration of treatment: 3 days or 2 wk) were subjected to SDS-PAGE and immunoblotted with an anti-Cav1 antibody. The loading control was performed with an anti-actin antibody. B: chemiluminescence intensities of Cav1 and actin protein bands from control (C) and DDAVP-treated rats (3 days and 2 wk) were quantified. The results from five different experiments were averaged and normalized to the mean of the respective control group and are shown as means Ϯ SE; n ϭ 3 rats/group. The results indicate a decreasing trend in Cav1 protein levels during DDAVP treatment, becoming statistically significant after 14 days (P ϭ 0.007 compared with control rats and P ϭ 0.026 compared with 3-day DDAVP-treated rats). C: total RNA was extracted from control and DDAVP-treated rats (3 days and 2 wk) (n ϭ 3 rats/group), and quantitative real-time PCR analysis was performed for Cav1 and GAPDH (as a control). Cav1 mRNA data from three different experiments were normalized to their respective GAPDH mRNA values and subsequently to the average of the respective control group. Average results are plotted as means Ϯ SE and showed no statistically significant changes.
is also supported by the finding that the Cav1 localization shift in response to DDAVP is exclusive to CD PCs and is not seen in other cell types, such as those of distal convoluted tubules. AQP2 membrane accumulation in response to vasopressin stimulation is mediated by a "shuttling" mechanism that relocates water channels from intracellular vesicles to the plasma membrane (10, 40, 55) . In PCs, AQP2 localizes to clathrincoated pits in the apical membrane domain and is endocytosed by a clathrin-mediated mechanism (67) . This implies that its internalization does not involve caveolae or Cav proteins. The fact that AQP2 internalization occurs in a dynamin-sensitive manner (67) does not, however, rule out the possibility of at least some Cav1 involvement, given that dynamin has been previously implicated in Cav1-mediated endocytosis (22, 41) . Interestingly, AQP2 has been reported to be distributed in comparable amounts between detergent-resistant, Cav-1-containing lipid rafts and clathrin-containing nonraft membrane fractions in freshly isolated renal IMCD cells from SD rats (14, 75) . Moreover, AQP2 phosphorylated at the crucially important S256 residue, whose phosphorylation is required for AQP2 membrane insertion in response to vasopressin stimulation (16, 25) , as well as at S264, associates preferentially with the detergent-resistant fraction rather than with the nondetergentresistant fraction of the cell plasma membrane (75) . Furthermore, MDCK cells transfected with human AQP2 respond to forskolin stimulation by accumulating on the apical membrane in regions in which Cav1 is also expressed. Upon forskolin washout, the two proteins are internalized in the same early endosomes (3). The likelihood of an association between AQP2 and Cav1 is further highlighted by the fact that these proteins also coimmunoprecipitated in this MDCK cell model, and this interaction appears to be even more significant after forskolin treatment (3). However, we have so far been unable to confirm AQP2/Cav1 coimmunoprecipitation in rat kidney preparations (data not shown). Our data on PCs in vivo indicate that while Cav1 and AQP2 are closely colocalized in the apical membrane after DDAVP treatment, caveolae-mediated endocytosis of AQP2 is unlikely to be involved in the internalization of AQP2, because caveolae were not detectable in the apical membrane domain at any time. In most epithelial cells so far examined, Cavs are basolateral proteins and are usually (but not always) associated with morphologically detectable caveolae. We cannot rule out a role for caveolae in the internalization of AQP2 from the basolateral cell surface, in which both caveolae and clathrin-coated pits are abundant.
In conclusion, our findings indicate that Cav1 and Cav2 respond to vasopressin treatment by localizing to the apical membrane domain of PCs from BB, LE, and SD rats in a time-dependent manner. It is interesting that normal LE and SD rats given ad libitum access to water do not exhibit apical Cav expression despite having urine concentrations much greater than vasopressin-deficient BB rats. This indicates that, as expected, vasopressin is actively stimulating PC water reabsorption in these animals without any increased apical Cav1 or Cav2 expression. The mechanism by which higher levels of circulating vasopressin trigger the Cav1 and Cav2 redistribution response remains to be determined in future studies. Finally, the absence of apical caveolae indicates that while Cavs may have an as-yet-undetermined role in vasopressin-regulated signaling processes, this is probably unrelated to AQP2 internalization by caveolae. 
